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Mutations in keratinocyte and melanocyte precursors that are caused by extensive sun exposure
are well-established contributors to skin cancer. Now Hu et al. provide evidence that the sun’s
harmful rays may also cause tumor-promoting epigenetic modifications in dermal fibroblasts, high-
lighting further the importance of tumor-stroma interactions in cancer.Cancer cells must deal with their
surroundings, for better and for worse. It
is generally accepted that the tumor
microenvironment can influence cancer
development, and stromal cells are often
essential partners in the tumorigenic
process. However, without a tumor, there
is no tumor stroma. A cancer cell-centric
view would therefore hold that the tumor
stroma is shaped primarily by instructions
from the cancer cells. Hence, stromal
cells are often seen as a reactive means
to an end in the malignant evolution of
cancer cell populations. In this issue of
Cell, Hu et al. (2012) now propose that
epigenetic changes in dermal fibroblasts
may precede the development of skin
cancer, providing evidence that, at least
in some cases, a precancerous stroma
may develop before cancer is initiated
(Figure 1).
Normal tissue architecture imposes
tumor-suppressive pressures on neo-
plastic cells. Tumor-initiating capacity is
thus context specific, and intact tissue
structures are able to inhibit the growth
of transformed cells that in other condi-
tions would be able to proliferate. The
same phenomenon is also evident in the
metastatic setting: a cell that is capable
of forming invasive tumors in the primary
site often fails to do so at a distant organ.
It is of great interest to understand both
the molecular basis of this tumor sup-
pression by proxy and the mechanisms
that cancer cells use to evade it, as this
may offer new means for therapeutic
intervention.
To determine how the stroma contrib-
utes to tumorigenesis, Hu et al. geneti-cally inactivate the canonical Notch
cofactor Rbpj in mesenchymal cell line-
ages. Previous work by the same group
had shown that this inactivation leads to
gross developmental defects involving
several tissues. In the present study, the
authors find that the histology of the skin
in thesemutant mice is severely distorted.
It exhibits reduced levels of elastin and
collagen—two essential components
of the extracellular matrix normally
produced by dermal fibroblasts—and
increased transdermal leakiness, indi-
cating immature development of the
skin barrier. The skin also displays vast
hyperproliferation of epidermal keratino-
cytes, the cells that form the outer layer
of the skin. Cells expressing cancer-
activated fibroblast (CAF) markers,
fibroblast growth factors, and matrix
metalloproteinases are also prominent in
the affected skin, as well as an abundant
deposition of Tenascin C and Periostin—
two interacting matricellular proteins that
are known to form cancer stem cell niches
(Oskarsson and Massague´, 2012). Inter-
estingly, the number of inflammatory cells
increases near the sites of strongest
epidermal proliferation. Under all these
conditions, the mice develop neoplastic
skin lesions that are histologically similar
to human actinic keratosis, also known
as solar keratosis. Actinic keratosis is
a common dermatological condition
thought to precede the development of
squamous cell carcinoma. When the
mice age, these lesions show features of
well to moderately differentiated squa-
mous cell carcinoma. Thus, defective
Notch signaling in dermal fibroblastsCell 1was enough to induce tumorigenesis in
the overlying epidermis, with a possible
contributing role from the recruited
inflammatory cells. The authors further
suggest that this may be due to the role
of Notch in inhibiting AP1-mediated
transcription of various secreted growth
factors, proteases, and extracellular
matrix proteins.
Actinic keratosis and squamous cell
carcinoma are both strongly associated
with sun exposure (Ratushny et al.,
2012). The authors therefore test whether
UV radiation could induce Notch in-
activation in dermal fibroblasts. Minutes
of UVA, but not UVB, treatment appear
to silence Notch expression through
DNA methylation, leading to the con-
clusion that sun exposure predis-
poses to actinic keratosis and squamous
cell carcinoma through epigenetic
silencing of Notch signaling in dermal
fibroblasts. The more general implication
of this interpretation is that the phenom-
enon of field cancerization, the emer-
gence of multiple primary tumors after
mutagen exposure (Slaughter et al.,
1953), could bemediated through stromal
alterations.
That stroma-specific genetic manipu-
lation can induce epithelial tumorigenesis
in mice has been observed in previous
studies. For example, Bhowmick et al.
(2004) demonstrated that inactivation of
the TGF-b receptor Tgfbr2 in stromal
cells leads to neoplastic transformation
in the adjacent epithelium of the forest-
omach and prostate. Mouse models
have also shown that mutant fibroblasts
can be selected for during epithelial49, June 8, 2012 ª2012 Elsevier Inc. 1179
Figure 1. Two Paths for UV-Induced Squamous Cell Carcinoma
In a well-established process (1), exposure to UV can lead to cancer-causing mutations in basal keratinocytes. TP53 mutations are commonly seen in the
precancerous keratinocyte-derived lesions termed actinic keratosis (AK). With additional mutations in genes such as NOTCH1 and NOTCH2, actinic keratosis
can progress to squamous cell carcinoma (SCC). Hu et al. (2012) propose amodel (2) in which UV can inactivate the Notch pathway in dermal fibroblasts through
epigenetic mechanisms. This leads the cells to acquire a CAF-like state with a reduction in elastin and collagen production and higher secretion of fibroblast
growth factors, extracellular matrix proteins, and proteases. This results in increased proliferation of the overlying epidermal keratinocytes. Regions of epidermal
proliferation become progressively enriched with CD45-positive inflammatory cells, which contribute to keratinocyte proliferation and the emergence of actinic
keratosis that can progress to squamous cell carcinoma.tumorigenesis (Hill et al., 2005). Despite
these observations, the contribution of
genetic changes in the stroma to
sporadic human cancer has remained
controversial (Qiu et al., 2008).
The skin phenotype in the model used
by Hu and colleagues is severe, and the
mice develop it on a background of
constitutive Notch inactivation in dermal
fibroblasts and other mesenchymal line-
ages. It is not obvious howwell this model
recapitulates the features of human
actinic keratosis, which usually develops
after decades of sun exposure. Condi-
tional inactivation of Rbpj at a later time
point could be useful for teasing out the
differences between acquired versus
constitutive Notch deficiency. Also,
previous studies have shown that the
sequence of actinic keratosis-to-squa-
mous cell carcinoma can be modeled
more directly by using Tp53 mutant mice
and UV (Jiang et al., 1999). As TP53 is
commonly mutated in both actinic kera-
tosis and squamous cell carcinoma
(Ziegler et al., 1994), this model may
also be a good approximation of the
human disease condition. It would be
interesting to know whether the p53-
deficient model also shows evidence for
the involvement of dermal fibroblasts as
proposed by Hu et al.1180 Cell 149, June 8, 2012 ª2012 Elsevier InThe tumors that develop in the Rbpj
mutant mice harbor recurrent genetic
and transcriptional abnormalities. This
suggests that the hyperproliferative
phenotype of the keratinocytes does not
lead to tumor formation on its own. The
data are consistent with the possibility
that the grossly abnormal microenviron-
ment of the skin rather fails to suppress
the progression of genetically abnormal
tumor-initiating cells. A similar concept
has long emerged from studies on
ulcerative colitis, in which intestinal
inflammation increases the risk of colon
cancer. Although inflammation may
increase the incidence of cancer-causing
mutations in the adjacent epithelium, for
example through the release of reactive
oxidative species, inflammation also pro-
vides an abnormal cytokine and growth
factor milieu that can promote cancer
progression.
Genetic analyses of human squamous
cell carcinoma have revealed large
numbers of mutations with the fingerprint
of UV exposure, making it clear that UV
contributes significantly to the develop-
ment of squamous cell carcinoma
through direct mutagenic effects on the
tumor-propagating cell clone (Wang
et al., 2011). TP53 mutations are
commonly detected in actinic keratosisc.as well (Ziegler et al., 1994). Although
Hu and colleagues saw no evidence of
Cre-mediated recombination of Rbpj in
the mouse tumors, it is interesting to
note that Notch signaling is frequently
inactivated in human squamous cell
carcinoma through mutations in several
components of the pathway (Wang
et al., 2011).
Recognizing the possibility that, in
addition to causing mutations, UV may
also lead to heritable tumor-promot-
ing changes in dermal fibroblasts is
valuable as it adds to the extensive list
of harmful effects of excessive sun
exposure. For those of us worshipping
Helios, this should give one more reason
to cover up.
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The ATR and ATM checkpoint kinases preserve the integrity of replicating chromosomes by
preventing the reversal of stalled and terminal replication forks. Hu et al. now show that the ATR
pathway targets the Dna2 nuclease to process stalled forks and counteract fork reversal.Eukaryotic chromosome replication is
tightly controlled to ensure the accurate
duplication of genetic information and
preservation of genomic integrity. During
DNA synthesis, replication fork progres-
sion is impeded by DNA topological strain
that is magnified in the proximity of tran-
scribed regions or at replication termina-
tion (Bermejo et al., 2012). In response
to replication stress induced by DNA
damaging agents, replication forks stall
in front of DNA lesions and become
vulnerable. The positive torsional strain
generated when forks pause may con-
tribute to the unwinding of nascent
strands from the template, facilitating
their annealing and generating four-
branched DNA structures known as re-
versed forks or ‘‘chicken foot’’ structures.
In normal cells fork reversal is a very rare
event. Reversed forks can be dangerous
because they resemble Holliday junctions
and may trigger unscheduled homolo-
gous recombination events contributing
to genomic instability (Branzei and Foiani,
2010). The ataxia telangiectasia related
(ATR) and ataxia telangiectasia mutated
(ATM) checkpoint kinases control the
stability of replicating chromosomes,
thereby preventing fork reversal at stalled
and terminal forks (Doksani et al., 2009;
Sogo et al., 2002). In budding yeast, theMec1ATR pathway targets the ribonu-
cleotide reductase inhibitor Sml1 and the
Mlp1TPR nucleoporin to respectively facil-
itate DNA polymerase processivity and
simplify the topological context of tran-
scribed chromatin (Bermejo et al., 2012).
These phosphorylation events seem
crucial to prevent fork reversal. In this
issue of Cell, Hu et al. (2012) describe a
new Rad3ATR-mediated mechanism that
prevents fork reversal in fission yeast.
The authors report that in response
to replication stress, Cds1CHK2, a kinase
downstream of Rad3ATR, phosphorylates
the nuclease Dna2 on serine 220. Phos-
phorylated Dna2 remains stably associ-
ated with stalled forks and cleaves the
flap DNA strands arising when the
nascent chains unwind from the template,
thus counteracting the formation of the
reversed branch of the chicken foot struc-
ture. Hence, Dna2 maintains replication
forks in a normal three-branch configura-
tion at the expense of tracts of newly-
synthesized DNA. Accordingly, dna2
mutants, like cds1CHK2mutants, accumu-
late cruciform reversed forks.
The work of Hu et al. highlights the
important new role of Dna2 in maintaining
replication fork integrity. Under unper-
turbed replication conditions, Dna2 asso-
ciates with the flap DNA chains arisingduring ongoing lagging strand synthesis
(Bae et al., 2001). Several nucleases
participate in the processing of Okazaki
fragments at the lagging strand, including
Fen1, Rnase HI, and Exo1. Dna2, how-
ever, seems specialized in removing long
DNA flaps coated by replication protein A
(RPA) (Bae et al., 2001). RPA-single-
stranded DNA (ssDNA) nucleofilaments
promote activation of the DNA damage
checkpoint, and Dna2 at the lagging
strand indirectly counteracts the forma-
tion of checkpoint signals that otherwise
cause an irreversible growth arrest that
is checkpoint-dependent (Budd et al.,
2011). Accordingly, in budding yeast,
Dna2 becomes dispensable for cell
viability, specifically when the checkpoint
is defective (Budd et al., 2011). Dna2
also contributes to the resection of DNA
double-strand breaks, thus generating
ssDNA tails that engage homologous
recombination activities and also promote
checkpoint activation (Symington and
Gautier, 2011 and references therein).
Hence, Dna2, besides being regulated
by the checkpoint machinery, positively
and negatively influences the formation
of checkpoint signals, depending on the
context.
Several important questions arise from
the study by Hu et al. Are the flap DNA49, June 8, 2012 ª2012 Elsevier Inc. 1181
